Structural Analyses Using Circular Dichroism Spectroscopy
In order to evaluate the structural properties of the designed peptides, the far-UV circular dichroism (CD) spectra of synthesized peptides were measured. As shown in Figure 2 , F(15-23)Acm and the designed Loop2 showed an almost random conformation in solution. This suggests that the absence of a disulfide bond, in the cases of F(15-23)Acm and Loop2, affects the conformational stability, even though a salt bridge had been introduced instead of a disulfide bond in the case of Loop2 [20] . In contrast, the spectra of Loop1 and Loop3, which were designed to form stable ␤-hairpin structure, showed a minimum at 215 nm and a maximum at 195 nm, which suggests the presence of a definite population of structured conformations corresponding to that expected for a ␤ sheet mixed with a ␤ turn [18, 22]. It was impossible to obtain the binding conformation of the peptides with ␣-amylase because of strong CD signals derived from the protein. , which are necessary for binding and [23] . Additionally, we also attempted to detect the the inhibitory activity. Recently, peptides derived from protein using peptides labeled with other fluorescent the ␣-amylase binding site of tendamistat were reported probes, such as 5-dimethylaminonaphthalene-1-sulfoas potent ␣-amylase inhibitors. One of these, Ten(15-nyl (dansyl), 7-diethylaminocoumarin-3-carboxylic acid 23), is composed of 11 amino acid residues with an (coumarin), and N-(acetaminoethyl)-1-naphthylamineintramolecular disulfide ( Figure 1A ) [17] . Hence, the fluo-5Ј-sulfonic acid (EDANS) instead of the fluorescein moirescent-labeled sequence of Ten(15-23) was used as a ety. However, these peptides were much less responscaffold ( Figure 1B ) with 5(6)-carboxyfluorescein (fluosive, and there were some difficulties in the fluorescence rescein) as a fluorescent probe attached to the N termimeasurements due to the weak fluorescence intensities nus of the peptide. The side chain of the C-terminal in solution and also in the solid state (data not shown). Cys residue was protected with an Acm group or intact Hence, the fluorescein moiety was chosen as the optisulfhydryl. The latter was used for selective immobilizamal fluorophore, as it showed good intensity changes tion onto a solid support described below.
that allowed protein detection. Further, we have designed more stable ␤ hairpin to
In the cases of the peptides with designed hairpin acquire a better response. Three de novo-designed ␤ sequences, all three peptides (Loop1-3) showed rehairpins were considered as scaffolds ( Figure 1C) [18-markable increases (Ͼ4 times) in the fluorescence inten-21]. In the design of the position in the strand, the turn sities by the addition of ␣-amylase, while only small sequence of the active site of tendamistat (Ser-Trp-Argchanges were observed by the addition of BSA (Figures Tyr) was added in order to retain the binding site for 3B-3D). These results indicated that the designed pep-␣-amylase. A fluorescein moiety was introduced into the tides could also interact with ␣-amylase in an effective side chain of the C-terminal Lys residue. A Cys residue and specific manner, and suitable structural design to with a thiol function was introduced at the N terminus form a relatively stable loop structure caused a higher to immobilize the peptides onto a solid support. The response against the target protein. The binding confluorescent changes of these designed peptides were stants of these peptides with ␣-amylase were also calculated from the fluorescence changes ( Figures 3B-3D) . monitored by addition of proteins. responses to the addition of the proteins were evaluated Detection of proteins using immobilized peptides on a using the value calculated as an increment of the initial solid surface was also attempted in order to construct intensity without protein (I/I 0 ). a high-throughput detection system. In this study, a 96-As shown in Figure 4B , Loop1 gave the highest rewell microtiter plate was used as a solid support, and sponse with the addition of ␣-amylase, while Loop3 a 'hydrocoating' technique, which is the covalent immoshowed only negligible changes. Loop1 showed a higher bilization of biomolecules in highly hydrophilic surroundresponse toward ␣-amylase than F(15-23), suggesting ings produced by the dextran coating [24] , was applied that this is due to the relatively stable loop structure to immobilize peptides onto the plate. The outline of the achieved by the appropriate structural design. In the method for the immobilization is illustrated in Figure 4A .
cases of Loop2 and Loop3, however, the responses Initially, a polymer surface (polystyrene) of a microtiter upon addition of the protein became smaller on immobiplate was coated with poly-L-lysine to produce an lization. It is perceived that there is some difficulty in amino-functionalized surface. 2,2,2-Trifluoroethanesulforming suitable conformations in the immobilized state.
fonyl (tresyl)-activated dextran was attached covalently
In addition, Loop1 showed the fluorescent responses to the surface, leaving a sufficient number of active against ␣-amylase in a dose-dependent manner, suggroups for secondary binding of other biomolecules gesting that the fluorescence responses were relevant which have amino or thiol groups. In this case, further to the binding affinity ( Figure 4C ). The protein ␣-amylase modifications of the surface by diamine and bromoacecan be detected at a lower concentration of 5 g/ml. tic acid were successively carried out for the selective Furthermore, five proteins from the glycosidase family, attachment of peptides using the reaction between Cysincluding ␣-amylase, ␤-glucosidase, ␤-galactosidase, lysozyme, cellulase, and two other proteins (BSA and sulfhydryl and bromoacetyl groups. The peptides were Loop1, which showed a higher response to the target protein and some structural suitability, was used as a scaffold for a loop peptide library. The strategy for the construction of a loop peptide library is shown in Figure  5 . On the basis of the Loop1 structure, the sequence of both the C and N termini were permutated to avoid continuity of ␤-branched amino acids such as Val, Ile, and Thr that may cause difficulties in syntheses. Four residues at the turn position corresponding to the recognition site for various proteins were designed by the random combinations of nine amino acids (Glu, Gly, His, Leu, Pro, Arg, Ser, Tyr, and Trp) which were selected as typical features of side chain functional groups. Based on this strategy, 9 C 4 ϭ 126 sequences could be generated mathematically. These 126 sequences were randomly generated using a script described by Perl and were sorted for synthetic convenience ( Figure 5) .
Preparation of the Library Peptides Immobilized onto the Microtiter Plates
The designed peptide library was constructed in a parallel solid-phase synthesis using a 96-well synthetic apparatus [25]. Two sets of 63 library peptides and the peptide with the native sequence (SWRY) were synthesized at once. After assembly of the peptide backbone and removal of the 4-methyltrytyl (Mtt) group of the Lys residue, the fluorescein moiety was introduced into the side chain of Lys. After cleavage, the peptides were quickly purified by gel permeation chromatography.
The resulting peptides were immobilized onto microtiter plates in the same manner as described above. Two plates were prepared for a series of a loop peptide library composed of 126 peptides. In addition, several plates were separately prepared for the same peptides for use in a simultaneous assay and to check uniformity be- Consequently, each protein showed a characteristic sponse to proteins and/or peptides, and in some cases peptides showed a protein-specific response. Thus, varpattern to each peptide in a library which could be used as a 'protein fingerprint' of that particular protein. Thus, ious proteins were detectable with a response pattern among library peptides that were characteristic and proteins can be identified by such a peptide library. Furthermore, it was also revealed that a particular pepcould be regarded as a 'protein fingerprint.' In particular, the loop peptide library was suitable for detecting certide gives a specific response to a definite protein in the mixture of proteins (e.g., 62, 84, 85, 113) . Thus, by tain proteins such as ␣-amylase and trypsin which were inhibited by the protein with a conserved loop structure; implication the peptide library has a great potential for the analysis of protein mixtures.
that is, they can effectively bind peptides or proteins with a loop structure. Throughout this study, we have developed a novel Discussion application of the well-designed peptide library to capture molecules in protein-detection systems such as In the present study, we have successfully constructed microarrays. Further improvement on sensitivity of dea protein-detection system using synthetic structurally tection and the number of peptides together with miniadesigned, fluorescent-labeled peptides. Initially, the fluturization of the array and/or robotic handling will proorescent probe for the effective detection of the protein vide a practical protein chip. was selected, and the detection methods were established in solution and also in an immobilized manner, using loop peptides derived from tendamistat and Significance ␣-amylase. To obtain a higher response, the peptide loop structure was further designed to form a more staAs an improvement on genome-wide sciences, the development of protein chips/microarrays has been ble structure, and it was revealed that the peptides with Hence, the structural design of the peptides was also (1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) that previously described in [24] . Tresyl activated dextran (TAD) was prepared from dextran (MW 74,000) with 2,2,2-trifluoroethanesulfoas a coupling reagent. Side chain protections were as follows: acetamidomethyl (Acm) or triphenylmethyl (Trt) for Cys; t-butyl (tBu) for Asp, nyl chloride (tresyl chloride). TAD-modified plates were prepared as described in [24] . Briefly, a solution of poly-L-lysine (MW 70,000-Glu, Ser, Thr, and Tyr; Trt for His, Asn, and Gln; t-butyloxycarbonyl (Boc) or 4-methyltrityl (Mtt) for Lys; and 2,2,4,6,7-pentamethyldihy-150,000, 0.01 mg/ml) in carbonate buffer (0.1 M, pH 9.6) was added to polystyrene microtiter plates (Assay Plate, IWAKI, 150 l per well), drobenzofuran-5-sulfonyl (Pbf) for Arg. In the case of F(15-23)Acm and F(15-23)SH, 5(6)-carboxyfluorescein (5(6)-FAM; Molecular Probes, and the plates were incubated for 2 hr at room temperature or overnight at 4ЊC. The plates were washed and TAD (0.5 mg/ml) in Inc.) was coupled to the N terminus of the peptides using 5(6)-FAM (1.5 eq.), HBTU (1.5 eq.), 1-hydroxybenzotriazole (HOBt) (1.5 eq.), phosphate buffer (10 mM phosphate, 150 mM NaCl, pH 7.2) was added to the plates (150 l/well) and incubated for 2 hr at 4ЊC. and diisopropylethylamine (DIEA) (3 eq.) after assembly of all amino acids. In the case of the peptides Loop1, Loop2, and Loop3, after
To the TAD-modified plates, 1,4-diaminobutane or diethylene glycol bis(3-aminopropyl) ether (10 mM in the carbonate buffer) was assembly of all amino acids an Mtt group was removed by the treatment with the solution of dichloromethane (DCM)/triisopropylsiadded (100 l/well) and incubated for 2 hr at room temperature. After the washing and blocking with 0.1 M 2-aminoethanol, brolane (TIS)/TFA ϭ 94/5/1, and the fluorescein moiety was introduced to the ⑀-amino group of the Lys residue by using succinimidyl ester moacetic acid (BrAcOH) was introduced to the amino-functionalized plates using its anhydride, which was prepared in situ by mixing of of 5 (6) 
